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ABSTRACT 

We investigate the temporal relation between the Evershed flow, dot-like 
bright features (penumbral grain), the complex magnetic fleld structure, and 
dark lanes (dark core) along bright filaments in a sunspot penumbra. We use 
a time series of high spatial resolution photospheric intensity, vector magnetic 
field maps, and Doppler velocity maps obtained with the Solar Optical Telescope 
aboard the Hinode spacecraft. We conclude that the appearance and disappear- 
ance of the Evershed fiow and penumbra grains occur at nearly the same time 
and are associated with changes of the inclination angle of the magnetic field 
from vertical to more horizontal. This supports the idea that Evershed fiow is a 
result of thermal convection in the inclined field lines. The dark core of the bright 
penumbral filament also appears coincidental with the Evershed fiow. However, 
the dark-cored bright filament survives at least for 10-20 minutes after the disap- 
pearance of the Evershed fiow. The heat input into the bright filament continues 
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after the end of heat transfer by the Evershed flow. This suggests that local 
heating along the bright filament is important to maintain the brightness of the 
bright filament in addition to the heat transfer by the Evershed flow. 

Subject headings: Sun: magnetic fields — Sun: photosphere — (Sun:) sunspots 



INTRODUCTION 



Sunspot penumbrae consist of many fine-scale radial filaments. Their fine-scale struc- 
tures reflect complex magnetic field structures in penumbrae: azimuthal fluctuations of the 
penumbral magnetic field inclination and field strength are well observed at the scale of the 
intensity fluctuat ions (e.g. iDegenhardt fc Wiehrlll991t ISchmidt et al.lll992t iTitle et al.lll993l : 
Lites et al.lll993l ). A systematic outward flow called Evershed flow is important for under- 
standing the formation of such complex magnetic filed structures in penumbrae. Evershed 
flows are observed as radial filamentary structures of Doppler blueshifts at the disk-center side 
penumbra, and Doppler redshifts at the limb side penumbra. The relation between penum- 
bral fine-scale structures and Evershed flows have been investigated by numerous authors 
for a long period, and re cent observations with a high spatial resolution clearly confirms the 



following properties (e.g. iBellot Rubio et al.ll2004l : iLanghans et al.ll2005l : iRimmele &: Marino 



20061 : llchimoto et al.l l2007al ): (1) The Evershed flow is a nearly horizontal outward flow 
observed with horizontal magnetic field component in the penumbra. (2) The horizontal 
field component is observed along the bright filament in the inner penumbra, and the dark 
filament in the outer penumbra. (3) The Evershed flow originates at a dot-like bright fea- 
ture called a penumbral grain in the inner penumbra. These observational results suggest 
that Evershed flows are radial outward flows propagating along the penumbral horizontal 
magnetic flelds, and their origin is rising hot gas well observed in the inner penumbra. The 
formations of Evershed flows and penumbral flne-scale magnetic fleld structures are closely 
related each other. 

Many models have been proposed to explain penumbral fine-scal e structures and Ev- 
ershe d flows, two major ones are an " uncombed" penumbral rnodel (ISolanki fc Montavon 
19931 ) and a "gappy" penumbral model (ISpruit fc Scharmerll2006l : IScharmer fc Spruitll2006l ). 
A nearly horizontal flux tube is embedded in more v ertical background fields in th e uncombed 
penumbral model. On the basis of the this model, ISchlichenmaier et al.l ( 1l998l ) proposed a 
moving fiux tube model, in which a thin flux tube carrying hot Evershed flow rises into the 
background flelds and moves toward the umbra. In the gappy penumbral model, a cusp-like 
magnetic fleld structure is formed by convection in fleld-free gaps just below the visible solar 
surface. Recent 3D magnetohydrodynamic (MHD) simulations with radiative transfer are 
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beginning t o produce penumbral filaments with a syste matic outflow like observed sunspot 
penumbrae (IHeinemann et al.ll2007l : iRempel et al.ll2009[ ). From such 3D MHD simulations, a 
kind of hybrid model is proposed that explains the Evershed effect as a n a tural consequence of 



"convection" in strong , inclined magnetic fields (IScharmer et al.l l2008l : iRempel et al.l 12009 



Kitiashvili et al.l 120091 ) . Evershed flows are a ssociated with weaker and horizontal mag- 
netic fields in the deep photospheric layer (e.g. lJurcak et al.l 120071 : iBorrero et al.ll2008l ). but 
the field-free plasma has not yet been detected near the r = 1 surface in the penum- 
bra even with spectropo larimetric m easurements at t he cur rent highest spatial resolution 
(IBorrero fc Solankill2008l ). Moreover, llchimoto et al.l ( l2007bl ) have discovered thin inclined 
dark stripes along the bright penumbral filaments suggesting overturning perpendicular con- 
vection within the bright penumbral filaments. 

In this study, we investigate the temporal relation between the Evershed flow, a penum- 
bral grain, the complex magnetic field structure, and a bright penumbral filament. However, 
it is not easy to trace a penumbral filament from its birth to death because penumbral fila- 
ments and Evershed flows are always changing everywhere in the penumbra. We use the dark 
core of a bright filament in the penumbra in order to trace the center of the bright filament. 
Such dark cores were discovered as narrow dark lanes with a width less than 200 km in the 



center of bright penumbral filaments (jScharmer et al.ll2002l). The dark core is thought to be 
a result of a cusp shape of the r = 1 surface (ISpruit &: Scharmerl l2006l : ISchiissler fc Vogler 
20061 : IHeinemann et al.ll2007l : IRempel et al.ll2009l ). A pile-up of hot plasma along the center 
of the bright penumbral filament pushes up the the r = 1 surface into the upper layer, where 
the temperatur e is lower . As a result, a dark lane is observed along the top of the cusp of the 
r = 1 surface. iRimmeld (120081 ) has reported that the dark cores are more clearly observed 
in the line core than in the continuum, and suggested that the dark cores form in the upper 
layer of the photosphere. 

The dark-cored bright filaments in the penu mbra are not transien t phenomena, and 

2007"). 



they often have lifetimes on the order of 1-2 hr (iLanghans et al 

m 



The space-borne 
2008i) aboard the Hinode 



observation s with the Solar Op tical Telescope (SOT; iTsuneta et al. 

spacecraft (IKosugi et al.l 120071 ) have an advantage in observing the detailed evolution of the 



penumbral fine-scale structures and Evershed flows during their lifetimes. We can identify a 
dark core with shorter wavelengths of the SOT, but the 0.3" spatial resolution of the SOT 
spectropolarimeter is not enough to investigate the magnetic field vector of dark cores. The 
nature of dark cores is not the target of this paper. Our goal is to investigate the nature of 
the magnetoconvection in the penumbra by tracing the dark core. 
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2. OBSERVATION AND DATA ANALYSIS 

The SOT observations of a sunspot in NOAA AR 1094 4 on 2007 F e bruar y 27 and 



calibration procedures for the observed data were described in iKubo et al.l (120081 ) . In this 
Letter, we compare maps of the physical parameters obtained by the spectropolarimeter 
(SP) to G-band images with the broadband filter imager (BFI), as shown in Figure [TJ The 
G-band images were obtained with a cadence of 2 minutes and a pixel sampling of 0.054". 
The SP repeatedly obtained spatial distributions of Stokes profiles with a field of view of 
9.5"x 82" every 5.5 minutes. The spatial sampling of SP was 0.149"x 0.160". The cadence of 
5.5 minutes for the SP is insufficient to trace an individual Evershed flow (cloud). However, 
a penumbral filament is more likely to drift out of the field-of-view during its lifetime for a 
higher cadence because of the corresponding narrower field-of-view required. 

The magnetic field vector and Doppler velocity in the photosphere were derived from 
Stokes profiles of two Fe I lines at 630.15 and 630.25 nm by assuming a Milne-Eddington repre- 
sentation of the atmospheric stratification and a two-component model atmosphere (a magnetized 
atmosphere and a non- magnetized atmosphere). We investigated the magnetic field strength, the 
magnetic field inclination with respect to the line-of-sight direction, the Doppler velocity, the con- 
tinuum intensity, and the intensity at the center of the Fe I A 6301.5 line. An inclination angle of 
90° is defined as a magnetic field perpendicular to the line-of-sight direction. Because the sunspot 
is located close to the disk center (SOI, E13), the line-of-sight direction is almost parallel with 
the normal direction to the solar surface. This is good for investigating the interlaced vertical and 
horizontal components of penumbral magnetic fields. The reference point of the Doppler velocity in 
each map is the average Doppler velocity in the umbra. The continuum and line center intensities 
are normalized to the average continuum intensities in the quiet area outside the sunspot. 

The G-band images are also normalized to average intensities in the quiet area. We aligned 
the suns pot centers in sequen tial G-band images in order to remove any drifts due to the correlation 



tracker (jShimizu et al.ll2008l ) and any sunspot proper motion. The sunspot center is determined 
as the center-of-gravity of the G-band intensity in the umbra. The maps obtained by the SP were 
aligned to the G-band images taken at the time closest to that of the midpoint of the SP maps, 
using the image cross-correlation between the line center intensity maps and the G-band images. 



3. RESULTS 

Our target dark core (in a bright penumbral filament) is indicated by the white arrow in 
Figure [2]a. The dark core originates at a penumbral grain (the black arrow in Fig. [2]a). The dark- 
cored penumbral filament that is resolved in the G-band image can be identified in the line center 
intensity map of the SP, but it is hard to identify in the continuum intensity map (Figs.[2]6 and[2]c). 
The difference between dark-cored penumbral filaments as observed in the line core and continuum 
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intensity has been already reported by iRimmeld (|2008l ) 



Figure [2][i shows that the dark core has a larger blueshift than its lateral surroundings. Since 
it is located in the center-side penumbra, this larger blueshift corresponds to the Evershed flow 
(cloud). The sunspot is located near the disk center at (/x > 0.96). Therefore the nearly horizontal 
Evershed flow has a small line of sight component, but we can still clearly identify its contribution. 
The magnetic fields generally become more horizontal with increasing distance from the sunspot 
center over the whole penumbra (Fig [2]e). The more horizontal field in the dark core is also 
weaker than eit her side as seen in F igures [2]e and [2]f. This dark core is larger than a typical 
width of 90 km (jScharmer et al.ll2002l ). On the other hand, the properties of magnetic field vector 
and Doppler velocity obs e rved in our dark core are very similar to those in the previous studies 
(jBellot Rubio et al.l l2005l : iLanghans et al.l 120071 : iBellot Rubio et al.l 120071 ). We therefore assume 
that our target, although larger than average, is an otherwise ordinary dark-cored penumbral 
filament. 

We hereafter focus on the evolution of the dark-cored penumbral filament. The dark core 
is shown by the dotted lines in Figure [3]a which were manually determined for each image. The 
dark core elongates into the umbra in concert with the inward motion of the penumbral grain 
from 11:53UT to 12:38UT. The dark core breaks into two parts, and the inner (umbra-side) part 
shrinks into the umbra from 12:49UT to 13:11UT. The outer part again elongates into the umbra 
with another inward migrating penumbral grain from 13:22UT to 13:44UT, and then the dark core 
gradually becomes narrower and less dark from 13:44UT. Finally, no dark core is visible in the 
frame at 14:18UT. 

Figure shows the temporal evolution of the G-band intensity along the dotted lines in 
Figure [3]a. This shows two inward moving penumbral grains, and dark areas (dark cores) which 
also move into the umbra. The Evershed flows also originate at the penumbral grains (Fig. |3]6). 
It is not observed between the two successive penumbral grains around 12:45UT and it stops at 
13:45 with the disappearance of the second penumbral grain. Small redshifts are observed along 
the dark-cored bright filament in the frame at 13:56 in Figure [3]6. One interesting result is that 
the dark core is still observed until 14:12 after the disappearance of the Evershed fiow. Figure [4]c 
shows that the areas with more horizontal fields move a short distance toward the umbra during the 
period when Evershed fiows are observed (the white arrows) in comparison to the period without 
any Evershed flows (the black arrows). The magnetic flelds at the dark core return to the same 
orientation as their surroundings (more vertical) just after the penumbral grain and Evershed fiow 
are no longer observed along the dark core. Figure [3]c shows that the more horizontal fields are 
observed along the dark core at 13:44 but not seen at 13:56. The 2D distribution of magnetic field 
inclination is not much changed after 13:00, and the area with vertical fields suddenly appears along 
the dark core in the period between 13:44 and 13:56. Higher time resolution is necessary to reveal 
the process of the disappearance of fine-scale magnetic field structures in the penumbra. 



Another dark-cored penumbral filament (the yellow arrows in Fig [3]) and a dark penumbral fil- 
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ament (the green arrows) are observed in the same field-of-view. These dark features also have more 
horizontal fields than their lateral surroundings, and have similar spatial and temporal relations 
with the Evershed flows. 



4. DISCUSSIONS 



We confirm that the Evershed fiow originates at penumbral grains and is associated with a 
more horizontal magnetic field. In this paper we describe a bright penumbral filament with a dark 
core that survives for 10-20 minutes beyond the end of the Evershed fiows. This means that the 
convective upfiow along the center of the bright penumbral filament, which produces warping of 
the r = 1 surface (i.e., the dark core), continues after the disappearance of th e Evershed flow, since 



a coo ling time scale in the photosphere is much shorter than 10-20 minutes (|Schlichenmaier et al 



19991 ). The disappearance of the Evershed flow is locally accompanied by a change of magnetic 
field inclination to more vertical. The absence of the Evershed flow associated with convection in 
vertical fields suggests that both convection and horizontal fields in the penumbra are necessary 
for (or caused by) the formation of the Evershed flow. The close correlation between the Evershed 
flow, convection, and more horizontal fields supports recent models where in the Evershed fiows 
are convective flows in the inclined magn etic field lines in the penumbra (jScharmer et al.l 120081 : 
Rempel et allbood : iKitiashvih et ahlbood ). 



If the Evershed flow only caused a pile-up of hot plasma along the bright filament, the dark 
core should disappear within a cooling time scale after the end of the Evershed fiow. However, the 
dark core is continuously observed without the Evershed flow for a period longer than a cooling 
time scale in the photosphere. This suggests that a heat source, in addition to the heat transfer 
by the Evershed flows, is necessary to form a bright fllament with a dark core. It is believed that 
the Evershed flows are radially outward flows along the horizontal fields from the inner penumbra 
(penumbral grains) to the outer penumbra. They may carry the energy through the penumbra in 
the horizontal direction rather than the vertical direction. Although it may be hard to identify 
the Evershed fiows from convection in the penumbra, one possible source of the heat for the bright 
penumbral filament is vertical convective motions locally formed along the bright filament rather 
than the larger scale heat transfer due to the Evershed flows. 

A major remaining issue is the vertical stratifications in the penumbral fine-scale structures. 
After the Evershed fiow disappears in the observed layer, it may remain in the deeper photosphere 
or below the p hotosphere. Recen tly, signatures of c onvection (i.e. downward and upw ard motions) 
in umbral dots (jOrtiz et al.ll20ld ) and light bridges (IRouppe van der Voort et al.ll2010l ) are reported 
only in the deep photosphere from a bisector analysis of the Fe I 630 nm lines taken with the CRISP 
at the Swedish 1 m Solar Telescope. However, the signature of convective downfiows is not detected 
from the same analysis of Fe I 709 nm line taken with the Littrow spectrograph at the same telescope 
(jBellot Rubio et al.ll2010l ). It is still unknown how the Evershed fiows in the deeper layer affect 
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the formation of the convection in the observed layer and heating of bright filaments. Moreover, 
the evolution of the vertical stratifications is essential for understanding the formation and decay 
of the penumbral complex magnetic field structures. We have observed redshifts along the dark 
core when the more horizontal magnetic field disappears from the dark-cored penumbral filament, 
but they are very small. It is not clear if the observed redshifts correspond to the downward 
motion of the magnetic field lines because a flow along the fleld lines also can produce such a small 
redshift. If the more horizontal fields have either upward motion or downward motion during their 
disappearance, the vertical stratifications of the magnetic field vector should give us information 
about their motion. 
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Fig. 1. — G-band image of a sunspot in NOAA AR 10944 on 2007 February 27. The dashed 
box shows the field-of-view of the Hinode SP and is identical to the field-of-view of Fig. |2l 
The dotted hne is the boundary dividing the hmb-side and center-side penumbra. The gray- 
scale bar shows the intensity level normalized to the mean intensity of the quiet area outside 
the sunspot. The horizontal and vertical axes represent the positions with respect to the 
disk center. 
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Fig. 2. — A penumbral grain (the black arrow) and a dark core of the bright penumbral 
filament (the white arrow) in the box of Fig. [H (a) G-band image, (b) continuum intensity 
map, (c) line center intensity map, (d) Doppler velocity map, (e) inclination map, and (/) 
field strength map at 11:53UT on 2007 February 27. The positive and negative Doppler 
velocity indicates a redshift and blueshift in units of km s~^, respectively. The magnetic 
field with the line-of-sight direction is represented by the inclination angle of 0°. The unit 
of the magnetic field strength is 10^ Gauss. 
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Fig. 3. — Time series of (a) G-band images, (6) Doppler velocity maps, and (c) inclination 
maps in the box of Fig. [H The upper left panel in each set is identical to the corresponding 
signal in Figure [2l The times in panels (6) and (c) are for the midpoint of each SP map. 
The dots with intervals of 1" are linearly aligned on a dark core in the bright penumbral 
filament. The scales are in units of arcseconds. 
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Fig. 4. — Space vs. time plots along the dotted lines in Fig. |3] for (a) G-band intensity, 
(b) Doppler velocity, and (c) magnetic field inclination from 11:53UT to 14:12UT on 2007 
February 27. The cadence is 5.5 minutes. The dot at the top of each map in Fig. |3] corre- 
sponds to 0" of the horizontal axis. The contours represent the Doppler velocity of -0.4 km 
s~^. Note that the dark core is observed until 14:12UT, and not observed at 14:18UT. 



